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. SUMMARY

This report presents a chart giving the compressive
strength of duralumin columns of equal angle section., The
data used in the construction of the chart were obtained
from various published sources and were torrelated with
theory in the range where secondary failure occurred.

Appendices are included giving excerpts from Army and
Navy specifications for duralumin and approximate formulas
for the properties of the egual angle section,

INTRODUCTION

In the present trend toward all-metal airplane con-
struction there is an increasing need on the part of de-
signers for charts giving the compressive strength of va-
rious open sections now frequently used as compression mem-
bers in trusses and as stiffeners in stressed-skin struc-
tures., At present, the only column chart in general use
for open sections is the one for ‘duralumin channels first
published by the Army Air Corps (reference 1) and repub-
lisned in the book entitled "Airplane Structures,! by
Niles and Newell, '

In an effort to compile additional charts of this.
type, the National Advisory Comnittese for Aeromnautics at
Langley Field, Va., made a study of the results of numer-
ous column tests reported in technical literature., In the
course of this study it was observed that the test data of
references 2, 3, and 4 for egual duralumin angles were
falrly consistent and that the column curves were general-
1y similar to theoretical curves plotted from s formula
given in reference 5. By the introduction of an empirical
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constant, the theoretical curves were made to fi%t the
points plotted from the tests., The present report devel-
ops & column chart for equal duralumin angles based upon
the tegt data aand tae tneord of the above-mentioned refer~
811CEE . : :

Because tihre strength properties of the materials used
were not given in any of the references containing test da-
ta, some difficulty was experienced in reducing the test .
results to the results of & .specification material., 1In
this connection, valuable assistance in the form of com—
ments and data was obtailned from Dr. L. B, Tuckerman and
Cantain §. N. Petrenkd of the Bureau.of Standards. The
columa chart, as "finally constructed, is intended to ap-
ply, insofar as the~ strength properties are concerned, to
materlal ‘which conforms to Army Specification 57-187-1 -
Type B material, Navy Specification 44721 - Type B material,
or to Navy Specification 47A3a =~ Type 3 material., Bxcocrpts
. from these specifications are glven in Appen&ix A

For the convenience of 4931gners, a list of approx-
imate formulas for the section properties of equal angles
is given in Appendix B.

SYMBOLS

Symbols Used in the Following Discussion

b, width of leg, in. (See fig. 1)

t5- thickness of leg, in. (See fig. 1)

L, 1length of column, ins S

p, radius of—gy¥ration, in.

S, stresse, 1b. per sg.ins

C, coefficlent of end fixity.

B, Young's modulus, 1lb. per sg.in.

0, Poissaon'!s ratio. ’

'As Nalf-wave length  of wrinkle in an outstanding
flange-or leg of the angle,_in.

‘Additional Symbols Used in Appendix B

'A, area of cross section, sq. in. .
x, distance of c,g. from leg, in.  (See fig. 1)
I, mnmoment of inertis of cross section, in’

il
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TYPES OF COLUMN FAILURE I .

Oolumns may fail in’ anv of the following ways: Dby
ompression; by bending; By local wrinklimg of some thin
part by twisting about & longitudinal axis, which axis
may or may not coincide with the centroidal axis of the
column; or by any combination of- the above types’ of fail-
ure.

Compression,- Compression fallure is characterized
by a plastic flow of the material in the column, TUlti-
mate strengths corresponding to this type of failure de-~
pend upon the dimensions of the column and the stress-
strain curve for the material, but compression fallure is
usually assumed to occur at or near the yieid—p01nt stress.

Bending. An Euler,'or 1ong, colamn which deforms in-
to a continuous curve from end to end is considered to
have failed by bending., The stress at which this bending
takes place ig given by the well Vnown Buler column for-
mula ° :

s = & “2 o ()

@

Local wripKling snd twisting.- 4 column of large tor-
sional rigidity, but with very thin parts, may fail by a
local wrlnkllng of -one of the thin. parts into waves of .
length 2A. If this thin part is an‘oubstanding flange -
or leg (see fig. 2) perfectly fixed at its base, the min-
imum critical wrlnhllng stress is (reference 5 8q. -2)

§ = 1,16 B & (2)
oo 2 : -
It 1s pointed out’ further in reference & that on account
of elastic giving and imperfect fixity at the base of the
flhnge or.leg, the coefficient in equation (2) i8 consid-
rably reduced in any pract;cal cass,

If the thickness of the heavy leg in Figure 2 is ré-
ducod, the torsional rigidity is reduced and the .angle
column twists appreclably under load, On accotnt of this
twisting the conditions in the thin leg become analogous
to those in a flange, or leg, with reduced fixity. 1In the
limiting case when the thicknesses of the two legs are the
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same, the fixity at the tase. of each leg. Ttecomes zarn:

A epproaches the length of the column and we have what is
commonly referred to as failure by twisting. The eritical
stress for the condition of zero. fixlty at the base of a
compression flange, or leg, is (reference 5, e7. 90)

D o Yo, 1 g
' E12(1 -6 N (1 oﬂ p> (@)

TEST DATA AND DISCUSSION

The column tests upon egusl duralumin angles reporbt-
. 8d in references 2, 3, and 4 were made with pin ends,

Reprresentative portions of these data have been plotted in’

FPigure 3 and will be gummarized relative to .the types of
failure,

Compression.~ In the. tests of references 2, 3, and 4
no mention was made of a compression type of . “failure., Ex-
amination of the test datmw pletied in Pigure 3 indicates

that this type of failure might have occurred at stresses

of from 34,CCO to 36,C0C pounds per square inch,

Bending.~ Except in the range whers. secondary failure
occurred, long columns-failed at the Euler load. It will
be observed that the test points in Figure 3 scatter some-
what but -are, in géneral, above the Fuler curve. These
discrepancies are probably caused by a slight amount of
frictioen in the pin ends and by the fact that E was, in
some cases, higher than 107 pounds per square inch, the
value for which the Eulsr curve was drawn,

Combinations of compression, bending, wrinkling, and
twistigg.— Any type of column failure which is nnt clear—
1y either compressiocn or bending. comes under_this general
heading, A detailed discussion of—the test data concern-~
ing the exact types of failure would be interesting but
cannot bs made because practically no infermatlon on thils
subject was given in the reperts, Consequently, further
discussion of _the typs of-failure will be avoided and
curves will be derived representing the test data. These
curves will be based upon theoretical. formulas where pes-
gible,

[

i .
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In Figure 3, below values of 1/P equal to 80, the
results of tests on columnsg deelgnate& H, O0,-and. P 1lie
aobroximately on- a straight lifie;. - Thess tests ,(% =7, 9

to' 8 ¢ D). represent two types of failure changlng from

hheadlng failure at about- L/F = 80 to compre381on fail-

ure at’ approximately e = From tnese data it is
cohcluded that a single, straight line and’ Euler curve will
closely define thé strength of a duralumin column of equal
angle, section up to values of b/t of 10 o perhaps 12.

Plottipg the. critical thStlng stress as giVen by

.equation (33 with' the following substitutions

: e A= _
R oo P (Appendix B, eg. 10.)
L 0Ty 0,204 P '
g’ =..'Q;3f.
E¢:=-ulo7‘1b. per_sq.in..

theu&otted cprﬁes ih Figure 5 are obtained for values of
% of. 14,.17 i1e,. EO -ahd 25, Although these theoreti—:

_cal curves for tw1st1ng failure agree fairly wall W1th the

test data at large yvalues of I/P they give, conservative

el

stresses at low values of 1/P It was found by inspec~—

i tion .that, the. test, data could be represented very well by

equation’ (3) 1f A werse assumed equal teor ¥ % instead of -
1. . The solid curves 1n Figure 3. for the safig values of
% were drawn with - A = 2152 ATl of the‘experimental

results plet fairly well along these curves except the .
voints for the- column designated S- 3, which plot_below the

cuarve for % = 14. These low points may be caused by dif-

Terences in .the properties of the material used in the _ ——
tests of references 2 and 3, or by 1nappllcability of tHe

Tormulas -for elastic ﬂailure in this region of the 'chart.

Because no stress~strain curves Were given,'no definite

1dea of the. relative importance of-these two factors could

be formed .for this case.., -

. An idea cf the importance of knowing the strength '
prorerties of -the column . materlal may be ohtained by com—
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paring the results of tests . upon duralumin tubes with the
results of tests upon duralwnin angles plotted in Figure
3,. It is not likely that a higher "form-factor," i,e,.,
higher average stresses, would be developed in a duralu-
min column of angle section than in a duraluain tube test-
ed with the sams 1/9, neither of which fails locally.
This apparent absurdity must, therefore, be caused large-
1y by. a difference in the properties of the materials,
“Consequently, in the construction of the column canart for
edual duralumin angles the several sets of teét data must
be corrected for differences in the properties of the ma-—
terials, . : C : o

In Figure 3 the curves repreeentlng fallure by twist-
ing intersect the Euler curve rather than become tangent
to it, This intersection indicates an abrup% change in
the type of elastic fallure 2nd at the lower stresses is
borne out by the test data, (Column ¥.,) At the higher
stresses, above the stress at which the straight line hav-
ing b/t 1labeled "10 or less" becomes tangent to the Eu-
ler curve, the itransition from failure Dy twisting to
failure by bending (the Euler type) is actually not so ab-~
rupt as the crossing of the theoretical curves would in-
dicate. (Columns S-=3 and IL.,) This phenomenon is caused
by inelastic behavior-of the.magterial in the columns and
must be taken into account in the constructlon of the col~
umn chart for values of b/t below 18.

Somo recent tests mads by the Bureauw of Standards up-
on shset duralumin furnished by the Fational Advisory Com-
mittee for Aeronautice showed a marked differencs in the
shape of the stress-strain curves taken normal and paral-
lel to the direction of rolling. (See figs. 4 and B5,)
Therefore, if angles are made from sheet meteriel the di-
rection of the grain in the angle column must be taZen
into account in the oonstruction of the column chart.

The importance of including stress—strain curves with
the results of column tests cannotbe too strongly em—
phasized, Without them no account can be taken of the
strength properties or the inelastic bshavior of the ma-
'‘terial. in the anelysis of test reeults. The Burealu of
Standards has repeatedly shown the hecessity of including
stross~-strain curves of the matérial with the results of
all tests on structures if the rosults are to have 'a lasth-
ing value. The fallure to include these curves or %o mako
any reference to thoe strength propertles of tho material
'in references 2, 3, aund 4 Las greatly reduced the value
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of ths resulte, exnept-in tThe: rangsfoff&lasti@-failure.;w
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In the absence of tests on angle columns in which
the properties-uof..the materisl. ars-known it will be as-
sumed . that for columns const:uctqd -0f any material, angla:
columns with .values of .:b/t . .up to:.12 Will fail :at the. ..
sgme. stress as a ‘tube of the same . I/P. Upon tJe ‘basits, of
;EFhis assumptlion the: results of the Bureau of. Standards-i;
tests on tubes which confierm to Army Spec1f1cat10n\57—kﬁ7-
- Type B material. and ‘to-Havy .Speciflcation 44721 -..Type -3
material will be used to give the upper limit -of the‘ .
strength of duralumin celumns.-of-.angle section having the
same 1/9 as the tubes, rand -the cqlumn chart.will be con-
structed for materisl - having the strength properties ren-g
quired by these spec1flcations.; " _ i

In Figure 6 a stress Qf 35 OOO pounds per square inch
is teken as representing the probable minimum yield point
'in compression in the direction of :the grain for duralu-
min which just meets the stresngth requirements of thef“
above~mentioned Army and Navy specifications, Mhis value
was obtained from the tests made at the Bureau of Stand-
arde on - duralumin -twbes, -the resulis of which have not
yYet been published. &Also, a straight line tangeqt to the
Euler .c¢urve -and passing tkErough a .poeint .representing a .
stress .of : 31,000 pounds per -square -inck at .1/P = 30 s
used instead of .theagtnelight -Jire.obtalned directly frow-
the tests ox.angles.. . This line, .shown as ‘a. dashed. line. -
in Figures '3.and-6, represents: fazrly 'w3ll the results. of
the above-mentioned Bursau of Standards tewsts in this re~
gion., ' In view of the -uncertainty -of th e test data on-
angles, 1%t was not thought worth while in this paper ta
use the curve which more closely represseunts the Bureaun of
Standards data, This line, a8 well &s the horizontal
line drawn at a stress of 33,000 pounds ver square inch,
is assumed to apply to equal angle columns only wiaen the
direction of the grain is parallel to the axis of the col-
Wmn . )

Then the direction of the grain is normal to the ax-
is of the column, which may. sometimes be the case, the
s0lid line having -b/t 1labeled "13 or less - - " and
drawvn tangent %o the Euler curve from-a .stress of 34,500
pounds per square inch at . 1/P = Q. ghould.be used tometiher

ey TET X
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witli the horizontal line drawn at & stress.sf 28,000
pounds per sgdare inch. These lines were obtained from
the results of the Bureau of Standards tests_by making a
reduction to allow, -approximately, for the. lower strength
pProperties when the stress is normal to the dirsction of
the grain.

In drawing the curves of twisting falltirée allowance
wag made for the effect of inelastic behavior of the me-
terial and for possible differences in thé properties of
the materials in the tests by assuming A = 1/2 in equa-
tion (3), For values of b/t -1léss-than 19 the transition
from the curves of failtire by twisting to the curve of
failure by bending (the Fuler . curvs) is effected by draw-
ing stralght lines tangent to .the curves of ftwisting fail-
ure from a point on the Euler curve af ‘a’stréss-of- 11,500
pounds per square inch, This point is the point-of tan-
gency of the Buler curve and, the st;&ight line labeled
13 or less - - =," TFor values of :b/t :greatér than 13
no distinction regarding the direction of the grain in
the angle is made in the eolumn chart,

-In draw1ng the EBuler curve and the curves of twisting
fa@luré it was assumed that E = 107 pounds per eguars
ineh ahd that% ¢ = 0.3, " o ' S

‘Compression members in-aircraft structufas usually
have sSome end fixity. A column.chart for aigiss heving
¢ > 1 would therefore .be of more general value,: Such a
chart has been constructed for ¢ = 3~ and ig'shown in-
Pigire -7, In the construction of this.chart the straight
lines representing the upper limits of the column chart
wore drawn tangent to the Zuler curvs from their respec—’
tive intercepts on the axis 1/P = O in Figure 6, but the
curves representing secondary fallure at larger b/t. ra-~
tios were plotted using the.same equation . as in Figure 6.

LIMITATIONS OF THE COLUMN CHART

Because no stress~strain curves were included in. the
reports containing test data on the strength of angle
columns, it is imposweible to establish.the accuracy of
the column chart of Figure 6, for the lower b/t ratios,
It is estimated, however, that for material which conforms
to the specifications of Appendix A the srrors are proba-
bly within 10 per cent,
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The column chart of Figura -7 ,must .be understood to be
approximate only. Whether the degree of end fixity in an
airplane structure is sughikhat .thgrchart for ¢ = 2 may
be used is a matter to be detsrmined by special tests,

Tlgure 7 has only bsen includsed becaunss .a.column. chart for

c > 1~‘might be of more. .general value than that for c =1,
i The corumn cnarbs of Figures 6 and 7 have been con—
structed for single angles aqi the l/p values have been
calculated using the minimum radius of gyration. There—{
fore if two angles are- rivetad togeﬁher, greater strengfh
‘may be developevd., If angles:. are rivetéa "to_ sheéts, as__ .

might be done in. stressed-skin structures, greatpr or_.lgss
strengtn will be develoged dapending upon” the cendiﬁlons
failure in the sheet., . . . ... e e -

AR i ros e S T ST - Lt
LS A s = .- e s e 4 e

REGGHMEH?K.TIOHS O il

ras naenngl il ofen AT TR N S

'3;&23&3!3 e opnlnin LY ren oreen Do

It is appreciated that angles-&r&, in generaly nét-as
efficient as other sectiouns for compression members in
trussas and for’ ‘gtiffdneds in: stresseddskin structures..
“For tHis” reason otﬁﬁr ‘seétions” ‘of " vaPibus snapes .are” fre~
quently usedy "fhe” fast rosutts now” "available, ‘aIthoagh®
covering a wide variety of shapes, are very scattered and
incomplete., Consequently, a complete and systematic in-
vestigation should be made -$c Hstablish deslgn charts and
formulas for the more common Bections. WThen such tests
are made the resufts®shoutd B8 80%9é1ntéd’with the stress-
strain curves for the materialg and these curves included
in the report nresentlng the'-résittst “Uness such pro-
cedure is followed, the valuo of. the results will be

greatly reduced. o . .
: SRR R S TRt S SRR S A A S

[

" Langloy Memorial” Aoronautical Laboratory, -
National Advisory” ‘Gommt¥tebT £or Aerouautlcs,--
o dangl ey Field Va., March 17, 19523

.

]
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APPENDIX A
. Specifications
’ Army Navy Navy -
57-187-1 44721 47A3a

Type B Type B Typs 3

Tensile strength, 1b. per . .
8qein. (minimum) 55,000 55,000 55,000

Yield point, 1b. per sg.in. .
- (minimum) . 40,000 | 40,000 | 42,000

The yield point is defined in these specifications as
the stress at which the test specimen shows an extenslon
of 0.002 inch per inch in excess of what would be coumput-
ed from Young's modulus of elastiecity for the alloy (107)
and the ususl formula.

For the purposes of this paper, it is assumed that
these specifications are met only when test specimens are
taken parallel to the direction of the grailn,

APPENDIX B’

Approximate Formulas for the Properties

" of the Bgual Angle Section

Exact formulas for the section properties of angles
are given in the various handbooks, If the thickness of
the.legs be assumed to be small compared to the width, ap-
proximate formulas for the section properties may be de-
rived, These formulas are, for the ‘egual angle section
(see fig, 1 and 1list of gymbols):

A = 21bt . (4)

x = L = 0,250 (5)
2 . .

I = 1 =2 1 ¢t =10,208 1" t (6)

T B

ddi

ik
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- B3t . 3
I, = 57 = 0.0838 1% . (7)
= 13.3_13. = . b - -
14__4 = 5 ..o.sng t- - . - (8)
‘ _ '— 5 . _ . . . -“ - - )
b, = P, = [ gg P T 0.3280 ()
pSﬁS .~ 24 b = .0?204'13, _ e CLO).
p = /L b = 0.408 D R (11)

In the derivatlon of the above formulas 1t was assumed
tzat thae angle was square at the corner, as in Figure 1.
Usrally the corner is rounded or carrles a small fillet,
but the error resulting from the use of the’ apprgximate
Zormulasg will de small in most practical cases k

L When determining the total load, it is recommended
that ths’ apnroxlmmte formulas for £  be used to obtain
the allowable stress, but that this stress be multiplied
by the actual area rather than by the area as gilven in
equation (4), This method is analogous to that recommend-
ed by R. A, iiller for duralumin channels, (Reforence 1.)
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Ref.Column A B % b/ 4
v 2 B 0.219 0.9 0.118 7.9
+ 2 0 0475 475 .CB0 3.5
o 2 P .3C9 1,238 128 9.9
A3 §5-3 .085 760 .0552 13.8
< 2 L .0544 680 040 17.0
¥ 2 N .098 975 050 19.5
o3 S-1 .061 .768 0394 19,5
> 4 [A-l .24286 ,735 ,029 25.4
. A7
40,000-—--5——
o
36 , 000 i 1185
;?& £ N0 or less )
-:'ﬂ'- 'ﬁ\'}'“o T -
1
e N J I
A ] % \ "\ _}From Burean of 1
8,C00 :P- N ‘N&IESthndardé teats 41 o 3
. P N\ er duralumin tupes TN >
g SR |2 NS v 1
o 24,000 :T' e
) FH VA I ANUAY
g" JI:IL Kﬁ\ \ﬁ\‘x
~ BIRRNE R
£ BO:OOO TN | q S ‘\‘\
1 EAR\NE
@ t“l \X{FK\ \1»’ A
f\
8 16,000+ N N &a
2 AR Tl N
N e § R v S A
N 7L Afa\y .{-Buler curves,c = 1
12,060 “‘ %NK - 5&9\!"* o X ‘ZF’—-E B 10'? 1b./ "
‘20\}. \-ls___g_‘* __.‘E —aA X = - Sq:-. N
Aol Nest | T TR
8,000 - \C‘c\ '-&; L .
e I T ¥
A N T e e :%b‘ 1
b/t =|25 . g S|
4,000 \7;*\
0 2 40 60 80 .'L 1CC 120 140 160 i80
3

Fig.3 Column chart summarizing test data.
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Fig. 4 Stress -~ sirain curve for sheet duralumin 0,011 inch thick
parallel to the direction of rolling.
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Fig. 5 Stress - strain curve for sheet duralumin 0.01l inch thick
normal to direction of rolling.



N.A.C.A, Technical Note No. 413

Notes

This column chart is for materisl
which conforms to the strength
proocriies of:

Army specification 57-187-1-%type B
Navy specification 447T21-type B
Wavy specification 47A3a-type 3

p
Il
b

Pig. 6

32,C00

I
N
\

30,00C |
28,00C

A

—d1

{ th

e grain paralllel

26,000

18 ¢

24,000

led:

cbion o

£ the $rain

22,000

tiie axis|of

the| columy,

20,000

18,C00

16,000
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12,000 TEA <
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1C,00C 24 "'Sb\
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\

<
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¢ 20 40 6¢C
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Fig. 6 Column chart for equel duralumin angles, c=1l.
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Fig. 7 GColumn chart for equal duralumin angles, c=2



